Diagnosis of diabetes was defined as venous glucose level over 350 mg/dL 48 hrs after streptozocin injection. Echocardiography was done at baseline and 10 weeks after diabetes induction both in diabetes group (n=15) and normal control (n=10). After echocardiography at 10 weeks, invasive hemodynamic measurement using miniaturized conductance catheter was done in both groups. R Re es su ul lt ts s: : Ten weeks after diabetes induction, heart and lung mass indexes of diabetes were larger than those of normal control (3.2±0. Diabetic cardiomyopathy (DMCMP), 3 ) which was first described by Rubler et al. 2) over three decades ago, is characterized by ventricular dysfunction regardless of coronary artery disease and hypertension. Diverse pathologic mechanisms, including microangiopathy, myocardial fibrosis, interstitial inflammation, oxidative damage, and abnormalities in calcium homeostasis, are known to contribute for the development of DMCMP. [4] [5] [6] [7] [8] [9] As a consequence of above pathologic mechanism, functionally, diastolic and systolic functions of ventricle are impaired, 10)11) and subsequent structural changes are responsible for increased myocardial fibrosis and stiffness. 1)12) After far-advanced structural changes, the impairment of damaged myocardial function may be irreversible. Therefore, detection and treatment at early stage of DMCMP is considered to be important. However, there have been no effective available drugs for the treatment and prevention of ventricular dysfunction in DMCMP.
To develop effective medication and to test for the efficacy of the drug, early detection of myocardial dysfunction using experimental animal model is very important. Although pressure-volume loop achieved by invasive hemodynamic measurement is known as the 'gold standard', it is very hard to operate and it has disadvantage of sacrificing the experimental animal after the operation, and thus, recent attempts on early detection of myocardial dysfunction using echocardiography are being made.
Therefore, we tested the usefulness of tissue Doppler imaging in terms of early detection of ventricular dysfunction in a rat model of DMCMP.
M Ma at te er ri ia al ls s a an nd d M Me et th ho od ds s Animal model
Eight weeks-aged male Sprague-Dawley (SD) rats were maintained on a 12 h light--dark cycle, with free access to standard chow. Diabetes mellitus was induced by a single intravenous injection of 70 mg/kg streptozocin (STZ) in a 0.1 M citrate buffer solution (Sigma, Munich, Germany), as previously described.13) Forty eight hours after treatment with STZ, tail vein blood glucose samples were measured with One Touch Horizon glucometer (Johnson & Johnson, California, USA) to confirm induction of diabetes (hyperglycemia >350 mg/dL). All rat which did not met diabetes criteria (blood glucose >350 mg/dL) excluded from the study, and thus, 15 diabetes rats (DM, n=15) were fed for 10 weeks. Additionally, sex-age matched SD rat were treated with sodium citrate buffer only, and referred to as the control group (control, n=10).
All of the rats were housed in the Laboratory Animal Facility of the Clinical Research Institute of Seoul National University and the study protocol was approved by Institutional Animal Care and Use Committee of Seoul National University.
Echocardiography
Echocardiography was performed at baseline (before STZ injection), 10 weeks after diabetes induction. The rats were lightly sedated with intraperitoneal zolazepam (25 mg/kg) and xylazine (50 mg/kg). Images were acquired with a 12 MHz transducer connected to a Vivid-i echocardiography machine (GE Medical, Milwaukee, USA). M-mode and 2-dimensional echocardiography images at the papillary muscle level were acquired with a frame rate of 250-300/sec. LV end-diastolic septal and posterior wall thickness (SWT and PWT), LV end diastolic dimension (LVEDD) and LV end systolic dimension (LVESD) were measured. The LV fractional shortening (LV FS) was calculated according to the following formula: FS (%) = (LVEDD-LVESD)/ LVEDD.
Doppler examination was performed from the apical four chamber view by using a pulsed-wave Doppler with a sample volume of 2 mm to obtain deceleration time (DT), early and late transmitral velocity (E and A wave) and their ratio (Fig. 1) . The septal mitral annulus velocities s' and e' were assessed by tissue Doppler imaging with a sample volume of 1.5 mm. All parameters were evaluated on an average of three consecutive beats. A single echocardiographer who was blinded to the treatment information of the animals performed all of the data acquisition.
Hemodynamic measurements
The rats were anesthetized with intraperitoneal zolazepam (Zoletil, 25 mg/kg) and placed in the recumbent position on a heat pad with a rectal probe connected to a thermoregulator. The animals were intubated with a blunt 16-gauge needle by tracheotomy method and were ventilated with a custom-designed constant-pressure ventilator at 75 breaths/ min using room air. An anterior thoracotomy was performed and a small apical stab was made to expose the LV apex. A rat electrocautry was used to minimize the bleeding during the surgical procedure.
After stabbing the apex of LV with a 27-gauge needle, retrograde approach of the microtip P-V catheter (SPR-838, Millar Instruments; Houston, USA) into the LV cavity along the cardiac longitudinal axis was performed until stable P-V loops were obtained. 14) Polyethylene catheters (PE-50) were inserted into the right femoral artery for measurement of the mean arterial pressure and the right internal jugular vein was used as a central venous line for fluid administration. The abdominal wall was opened and the inferior vena cava and portal vein exposed. A snare suture was placed to modulate the rapid IVC obstruction. All loops were acquired after 20 minutes of stabilization with the ventilator turned off for 5-Tissue Doppler Imaging in Diabetic Cardiomyopathy | | Dae-Hee Kim, et al.
10 seconds. The sampling rate was 1,000/s using the ARIA P-V conductance system (Millar Instruments) coupled to a Power Lab/4SP A/D converter (AD Instruments; Mountain View, USA) and a personal computer. After the data were recorded under steady state and during preload reduction by inferior vena cava ligation, parallel conductance (Vp) was obtained by the injection of 500 µL of 15% hypertonic saline into the central venous line.
Volume calibration was performed using aortic flow calibration with a perivascular flow probe and flowmetry (T-106, Transonics Inc., USA) and correction with Vp as previously described.15) Analysis of the loops was performed using a commercially available cardiac P-V analysis program, PVAN 3.5 (Millar Instruments, TX, USA). Heart rate, maximal LV systolic pressure, LVEDP, mean arterial pressure, maximal slope of systolic pressure increment (dP/dt) and diastolic pressure decrement (-dP/dt), time constant of LV pressure decay (τ ), EF, stroke volume (SV), end-diastolic volume (EDV), cardiac index (CI), and stroke work (SW) were calculated.
LV P-V relations were measured by transient occlusion of the inferior vena cava with a silk snare suture. Ten to 20 successive cardiac cycles over 5 seconds were obtained, from which the end-systolic pressure volume relation (ESPVR) slope, SW-EDV relation [preload recruitable stroke work (PRSW)], slope of the maximum first derivative of ventricular pressure with respect to time (dP/dtmax)-EDV relation, and the end-diastolic pressure volume relation (EDPVR) slope were derived.
Statistical analysis
The results are expressed as means ± standard deviations. All statistical analyses were performed using SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Normality of all parameters were tested by using Shapiro--Wilk W test (p<0.05). Statistical significance among multiple groups was determined using ANOVA and post hoc analysis with Bonferroni test (p values of <0.05 were considered statistically significant). In case that normality was excluded, non-parametric, MannWhitney U test was used.
R Re es su ul lt ts s Animal model of diabetic cardiomyopathy
Body weight decreased in diabetes group compared to normal control 10 weeks after diabetes induction, and the body weight of diabetes group was significantly lower than normal control (DM: 286.3±45.7 vs. Control: 550.2±34.9 g, p<0.001).
Blood glucose levels significantly increased in diabetes groups 48 hr after STZ injection compared to normal control (DM: 528±88 vs. control: 144±28 mg/dL, p<0.001). In terms of diabetic conditions, unfluctuating high blood glucose levels were maintained throughout 10 weeks.
The heart mass index was significantly increased in diabetes group compared to control (DM 3.2±0.3 vs. Control 2.4±0.2 g/mg ×10 3 , p<0.001). Likewise, lung mass index was significantly elevated in both diabetic groups (DM 5.5±1.1 vs. 3.6±0.6 g/mg ×103, p<0.001). Detailed data are presented in Table 1 .
Echocardiographic data
There were no differences among groups in baseline systolic and diastolic function parameters measure by echocardiography before STZ injection (Data are not presented).
Ten weeks after diabetes induction, LV dimension indexes of diabetes group were significantly dilated compared to control (LV ESD index: 14 
001).
With regard to systolic functions, there were no differences in fractional shortening between two groups. In contrast, peak systolic mitral annuls velocity (s') was impaired in diabetes group compared to control (2.4±0.4 vs. 3.1±0.5 cm/s, p<0.001).
In terms of diastolic functions, diastolic parameters, which were acquired from mitral inflow including E, A velocity, deceleration time and E/A ratio did not significantly differ between two groups. However, early diastolic mitral annulus velocity (e') was impaired in diabetes group compared to control (2.9±0.6 vs. 3.8±1.1, p=0.013). Diabetes group showed a significant elevation of E/e' ratio compared to control (27.1±5.6 vs. 19.7±2.6, p<0.001) (Fig. 2A) . Detailed data are presented in Table 2 .
Invasive Hemodynamic Measurement
The heart rare was significantly decreased in diabetes group compared to normal control. 
001).
As regarding diastolic function parameters, LV enddiastolic pressure (EDP) was significantly elevated (11.2±6.9 vs. 5.1±3.7 mmHg, p=0.015), and time constant of LV pressure decay (τ ) was prolonged (20.5±5.2 vs. 14.2±2.3 ms, p=0.002) in diabetes group compared to control. Additionally, the slope of EDPVR was impaired in diabetes group, compared to control (0.07±0.04 vs. 0.01±0.01 mmHg/µL, p<0.001) (Fig. 2B, Table 3 ).
D Di is sc cu us ss si io on n
In this study, we tried to re-establish the rat model of type 1 DM induced by streptozocin because the results were conflicting between different authors. Ten weeks after diabetes induction in SD rats, there were no differences in fractional shortening, E/A ratio of mitral inflow and deceleration time. However, peak systolic mitral annuls velocity (s'), early diastolic mitral annulus velocity (e') and E/e' ratio measured by tissue Doppler imaging were different. Moreover, these differences were consistent with invasively measured parameters. One big advantage of our study was that we tried to validate these differences detected by tissue Doppler imaging against those from LV conductance catheter known as the reference method.
The features of LV dysfunction in rat model of type 1 DM, which is induced by streptozocin, are variable and controversial. Several researchers have reported reduced fractional shortening and impaired dP/dtmax within 10 weeks after diabetes induction. 7)9)16)17) In contrast, in this study, there were no impairment in fractional shortening and ejection faction, which are most widely used parameters for assessing systolic function of ventricle. Moreover, decrease in dP/dtmax, which was acquired from invasive pressure measurement and one of the good parameters reflecting contractility, was not demonstrated. The values of ejection fraction and dP/dt max are well known to be dependent on loading conditions. In this study, end-diastolic volume, stroke volume and cardiac output, when they were indexed to body weight, were significantly increased in diabetes group compared to normal control. These findings indicate that 10 week old diabetes rats were in the early stage of heart failure, maintaining cardiac output by increasing preloads.
Therefore, one key finding of current study is the possibility of echocardiography as a non-invasive testing for early detection of LV dysfunction in diabetic rat. Yoon et al. 18) evaluated the natural course of streptozocin induced diabetic SD rat by serial echocardiography over 12 months, and found that 2-3 month after diabetes induction, diastolic dysfunction was prevalent in all diabetic rat, and the average time from induction of DM to development of HF, defined by both systolic and diastolic dysfunction, was 9.2 months. However, they defined LV dysfunction using fractional shortening and parameters from mitral inflow, and thus, subclinical LV dysfunction both in systolic and diastole might have been overlooked. Although there were no differences in fractional shortening and parameters derived from mitral inflow between diabetes and normal control, s' velocity of mitral annulus was impaired in diabetes group compared to the control group. Furthermore, e' velocity was reduced and E/e' ratio, which is known to reflect LV filling pressure 19) even in rat, 20) 21) was elevated. Therefore, there are possibilities that tissue Doppler imaging 22) could replace invasive hemodynamic measurement for early detection and determination of therapeutic effect, but further studies should be carried out. In addition, current study provides a clue for further studies in terms of early detection using far advanced technologies such as speckle tracking imaging or velocity vector imaging.
As a matter of fact, in small-animal model like rats, survival of the animals after the invasive hemodynamic measurement Taken together, use of non-invasive method can be a useful modality for serial follow up of cardiac functions in development of treatment for DMCMP and we expect that this will be helpful in saving tremendous cost and time for the development of medication for DMCMP.
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